Photosynthesis in marine diatoms is a vital fraction of global primary production empowered by CO 2 -concentrating mechanisms.
bicarbonate transporter | chromista | marine environment | sodium-dependent I norganic carbon entry into algal cells is the primary limiting factor for photosynthesis and requires specific transporters (1) . The problem is exacerbated especially in marine environment. Specifically, dissolved CO 2 concentrations are low, and the rate of spontaneous CO 2 formation from HCO 3 − is much slower in the ocean relative to freshwater because of the high alkalinity and salinity of seawater (2) . Marine diatoms are responsible for one-fifth of global primary productivity and play a key role in global cycles of carbon and other elements (3, 4) . The concentration of dissolved CO 2 in seawater under the present atmospheric pCO 2 (below 15 μM at 20°C) is much lower than the K m [CO 2 ] of ribulose-1,5-bisphosphate carboxylase/oxygenase in diatom species (5) . Marine diatoms are, thus, believed to rely directly or indirectly on the use of abundant levels of seawater HCO 3 − to support their primary production. The CO 2 -concentrating mechanism (CCM) has been studied extensively in cyanobacteria, and molecular characterizations have revealed a set of CCM components that completely account for the strategy of cyanobacterial tolerance of CO 2 limitation. Freshwater β-cyanobacteria possess three plasma membrane HCO 3 − transporters denoted bicarbonate transporter 1, sodium bicarbonate transporter A (SbtA), and bicarbonate transporter A (BicA), all displaying different affinities for HCO 3 − (6-8). NADPH dehydrogenase CO 2 hydration protein complexes at the thylakoid membrane convert diffusing CO 2 into HCO 3 − (9). The accumulated HCO 3 − is dehydrated into CO 2 when HCO 3 − passes across the shell of the carboxysome, an icosahedrons crystal body in the cell (10) , by a function of carbonic anhydrase (CA) (11) . The CO 2 product is fixed by ribulose-1,5-bisphosphate carboxylase/oxygenase within the carboxysome. It is strongly suggested that the establishment of the cyanobacterial CCM is a newer event relative to the primary endosymbiosis (12) , and algal plastids have developed a different type CCM based on the pyrenoid, a protein body found in the most algal chloroplasts (5) . The presence of a pyrenoid does not necessarily imply the operation of a CCM (13) , but the possibility remains that a pyrenoid is a central component of an active CCM in eukaryotic algae. In the freshwater chlorophyte, Chlamydomonas reinhardtii, chloroplastic CAs, a pyrenoidal component including low-CO 2 -inducible protein (LCI) B/C, and the membrane transporter, LCI1, are known to facilitate the CCM (14) (15) (16) (17) . Additionally, the role of extracellular CAs (CA ext ) in CCM has been controversial in the study of green algae (18) .
Physiological evidence supports the occurrence of direct uptakes of CO 2 and HCO 3 − in marine diatom species (19) (20) (21) (22) . Like other eukaryotic algae, diatoms possess CCM (2, 19, 20, 23) , and furthermore, a C 4 -type biochemical-concentrating system of CO 2 was reported also to be a part of the diatom CCM (24). The active HCO 3 − transport in the CCM also plays an important role in dissipating excess light energy by consuming ATP for a carbon cycling, which is cooperated with a fast efflux of CO 2 across the plasmalemma (25). The molecular mechanism of HCO 3 − acquisition in diatoms is critical information that defines the initial step of the vast marine primary production and the adaptation strategy to environmental stresses, allowing a precise understanding of the diatom carbon acquisition and its response under changing ocean environments. However, there is little molecular evidence on this subject. Especially, systems that work for an efficient mobilization of dissolved inorganic carbon (DIC) at the plasmalemma are perhaps unique in chromista because of their distinct evolutionally history (26-28).
In the present study, we have shown the occurrence of a solute carrier 4 (SLC4) family HCO 3 − transporter in the marine diatom Phaeodactylum tricornutum and characterized its function.
seven genes were found to be similar to members of the mammalian SLC4 family, and the remainder were similar to the SLC26 family (Fig. 1A) . In mammals, SLC4 and SLC26 are unrelated multigene families of HCO 3 − transporters, which have evolved independently (29, 30) . These proteins transport HCO 3 − across the mammalian plasma membrane and play a critical role in maintaining intracellular and extracellular pH within a narrow range (31), and mutations in these proteins are known to cause various genetic diseases in humans (30).
All candidate SLC4 and SLC26 in the P. tricornutum genome were transcriptionally active (Fig. 1A) . Of these genes, ptSLC4-5, -6, and -7 were previously predicted to encode HCO 3 − transporters by Kroth et al. (32) . Three SLC4-type genes (ptSLC4-1, ptSLC4-2, and ptSLC4-4) displayed transcriptional activation specifically under atmospheric CO 2 condition (low CO 2 ), whereas they were repressed in high CO 2 (5% CO 2 ) ( Fig. 1 A and B) , suggesting that these ptSLC4 products are functional under CO 2 -limiting conditions. A phylogenetic relationship of SLC4 family genes was analyzed (Fig. 1C , Dataset S1). Together with ptSLC4-3 and ptSLC4-5, aforementioned CO 2 -responsive genes formed a diatomspecific cluster that likely shares a common origin with Homo sapiens SLC4 genes (supported by a bootstrap value of 776) (Fig.  1C) . Interestingly, three CO 2 -responsive PtSLC4 genes (ptSLC4-1, -2, and -4) were most closely related (Fig. 1C) . Three other SLC4 candidates in P. tricornutum (ptSLC4-6 and -7) and Thalassiosira pseudonana (tpSLC4-2) were clustered with heterokont genes, which were also related to the aforementioned human/diatom cluster (supported by a bootstrap value of 983) (Fig. 1C) . Conversely, T. pseudonana tpSLC4-1 was not related to any clade with a reliable bootstrap value; hence, its phylogenetic position was not clear (Fig. 1C) .
In silico translation of full-length cDNA sequences of the CO 2 -responsive ptSLC4-1, -2, and -4 revealed them to be 76-82% similar (Fig. S1 ) and have significant similarity to human SLC4A1 (29%, 29%, and 27% sequence homology, respectively). Moreover, 12 membrane-spanning helices of human SLC4A1 were highly conserved ( Fig. 2A and Fig. S1, TM2-TM13 ). With the exception of the first transmembrane domain, which was unique to PtSLC4-2, a comparison of membrane topology deduced from the translated amino acid sequences revealed a striking similarity between PtSLC4-2 and human SLC4A1 (Fig. 2A) . The aforementioned PtSLC4 candidates possessed one or two of the Nglycosylation site N-X-S (Fig. S1, underline) , a characteristic of human SLC4A1 and SLC4A4 with a proposed role in promoting protein folding (33, 34). PtSLC4-1 and PtSLC4-2 also possessed amino acid sequences homologous to human SLC4s, Asp-GlyAsp-Asp (DGDD) and/or Ser-Asp-Asp-Val (SDDV), at their C termini ( Fig. 2A and Fig. S1, bold) . The C terminus of human SLC4A4 possesses two acidic motifs, Asp-Asn-Asp-Asp (DNDD) and Leu-Asp-Asp-Val (LDDV), which are speculated to form a transport metabolon with CAII (35). The structural properties imply that the transport mechanism of these CO 2 -responsive PtSLC4s is similar to the mechanism of human SLC4s.
Localization of Exogenously Introduced PtSLC4-2:GFP Fusion. The enhanced GFP gene (egfp) was fused immediately downstream of the full-length ptSLC4-2 cDNA and transformed into P. tricornutum cells under the control of the fucoxanthin chlorophyll (Chl) a/c binding protein gene promoter, which functions regardless of [CO 2 ] in the medium (36). Quantitative RT-PCR (qRT-PCR) and Western blotting showed the constitutive expression of the GFP fusion product in the transformants carrying the ptSLC4-2::egfp fusion (SLC4G cells) ( Fig. S2 A and B) . The expressed GFP fusion was equally localized in the peripheral area of SLC4G cells (Fig. 2 B-E), whereas no GFP signal was observed in WT cells (Fig. 2 F-H) . Cross-sections at the distal tip area of fusiform cells showed a distinct ring-shaped pattern of the GFP signal ( Fig. 2 I and J) , indicating that membrane-spanning helices of PtSLC4-2 target the plasmalemma. We had confirmed the occurrence of GFP signal before all of the following experiments (Fig. S2C ). As shown in Fig.  2 D and E, large dots of GFP signal, which were not overlapped with either Hoechst or Mitotacker signals (Fig. S2D) , were occasionally observed in SLC4G cells. We assume that this body is a part of the Golgi apparatus with exocytotic vesicles carrying PtSLC4-2:GFP fusion proteins, although details are, so far, not clear.
Influence of Exogenously Introduced PtSLC4-2:GFP on Photosynthetic
Parameters. Because of a down-regulation of the CCM (2), photosynthetic affinity for HCO 3 − was decreased significantly for WT cells grown in high CO 2 ] value relative to high-CO 2 -grown WT cells (Table 1) . The [DIC] at the CO 2 compensation point was consistent with these changes in affinity, whereas P max values were stable in WT and SLC4G cells (Table 1) , indicating a significant improvement in photosynthetic affinity caused by constitutive expression of PtSLC4-2 under high-CO 2 conditions. Little difference in the photosynthetic parameters was observed between WT and SCL4G cells grown in low CO 2 (Table 1) , probably because the effect of the boosted PtSLC4-2 expression was veiled by the fully operational CCM components in the low-CO 2 -acclimated cells.
DIC Fluxes Across the Plasma Membrane and Gross HCO 3
− Uptake by PtSLC4-2. A DIC depletion and evolution time course by P. tricornutum cells was determined by a filtration-centrifugation technique combined with a gas chromatographic (GC) detection of [DIC] (37) (methodological validation is in Fig. S3 B-D) . These , respectively), with ∼60% DIC taken up from the surrounding seawater in the first 30 s (Fig. 3A, closed symbols) . Similarly, high-CO 2 -grown SLC4G cells revealed fast N DIC (1.27 μmol mg −1 Chl min
) (Fig.  3A , open triangles). The CO 2 efflux rate (E c ) was determined from DIC evolution time course immediately after turning off the light in an assumption that the efflux of HCO 3 − is negligible relative to the efflux of CO 2 (20) . High-CO 2 -grown WT cells showed E c of 1.15 μmol mg −1 Chl min −1 after turning off the light in a condition where external DIC was quickly replaced by DIC-free medium (Fig. 3 A, open circles, and B) . Similar E c values were obtained with high-CO 2 -grown SLC4G cells and low-CO 2 -grown WT cells (Fig.  3 A, open triangles and closed circles, and B) when light was turned off at the stationary phase of each DIC uptake. The Chl a content of SLC4G cells was marginally different from WT cells, irrespective of growth conditions (Fig. 3B) . The net rates of CO 2 fixation in each cell were determined by the O 2 evolution rate at 100 μM DIC in the light (Fig. 3B) . Together with the Chl a content and the net fixation rate, aforementioned parameters E c and N DIC are summarized in Fig. 3B .
A DIC flux model across the plasma membrane was constructed according to Badger et al. (38) (Fig. S4 ), and the model was solved theoretically with the parameters described above (Fig. 3B and SI Results). As a result, a gross DIC uptake (G DIC ) in high-CO 2 -grown SLC4G cells was about 2.4 times and 57% of G DIC of high-and low-CO 2 -grown WT cells, respectively (Fig. 3B) . The contribution of PtSLC4-2 to the gross HCO 3 − uptake (G SLC4-2 ) in high-CO 2 -grown SLC4G cells was, thus, calculated to be 1.44 μmol mg −1 Chl min −1 (Fig. 3B) . The DIC accumulation in high-CO 2 -grown SLC4G cells was about 2.2 times higher than the DIC accumulation of high-CO 2 -grown WT cells (Fig. S5A ), reflecting the difference in G DIC between these cells. The difference in E c values in Fig. 3 was small, and thus, we used the N DIC value for evaluations of the PtSLC4-2 activity in assays hereafter.
Inhibition of PtSLC4s. 4,4′-Diisothiocyanostilbene-2,2′-disulfonic acid (DIDS), an inhibitor commonly used for mammalian SLCtype HCO 3 − transporters (39), did not significantly inhibit photosynthetic efficiency in high-CO 2 -grown WT cells (Fig. 4A) . In sharp contrast, DIDS treatment of low-CO 2 -grown WT cells and SLC4G cells (grown under both high-and low-CO 2 conditions) significantly increased the K 0.5 [HCO 3 − ] values in a dosedependent manner, whereas P max values were unaffected by DIDS (Fig. 4A) . The effect of DIDS on K 0.5 [HCO 3 − ] of low-CO 2 -grown cells was significant (Fig. 4A) , indicating a major role for the DIDSsensitive SLC-type transporters supporting high-affinity photosynthesis in low-CO 2 -grown P. tricornutum. The same tendency was apparent in the effect of saturating (3 mM) DIDS on N DIC . There was very little N DIC in high-CO 2 -grown WT cells, and DIDS exerted little inhibition; however, in low-CO 2 -grown WT cells, 3 mM DIDS reduced N DIC by 65% (Fig. 4B) . By clear contrast, high-CO 2 -grown SLC4G cells showed the fast N DIC comparable with low-CO 2 -grown cells, and 67% of this uptake was inhibited by DIDS (Fig. 4B ). These results account for the function of the plasma membrane transporter, PtSLC4-2, and perhaps, PtSLC4-1 and -4, which support the majority of the DIC influx into diatoms. Our previous study of the physiological estimate and the molecular localization negated the occurrence of CA ext in the strain used in this study (40, 41). Furthermore, treatment by a CA ext inhibitor, N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl) acetamide, showed little effect on N DIC (Fig. S5B ). The CA ext was, thus, excluded from the CCM model in this study. Table 1 . Photosynthetic parameters in WT and SLC4G cells ) at pH 7.5 ( Fig. 4C , white bars), which is presumably supported by a rapid production of CO 2 at this pH. In sharp contrast, high-CO 2 -grown SLC4G cells showed significant N DIC at pH 9.5 (0.21 μmol DIC mg −1 Chl min
), which reached a maximum level at pH below 8.2 (1.27-1.32 μmol DIC mg
), where HCO 3 − represented 94% of DIC (Fig. 4C , gray bars), strongly suggesting that HCO 3 − is preferentially taken up by PtSLC4-2 and functions optimally at the pHs typical of seawater. Together, from this evidence, it is clear that DIC influxes into low-CO 2 -grown WT cells are primarily supported by direct DIDS-sensitive HCO 3 − uptake, for which PtSLC4-2 is one of critical components. Na + Dependency of PtSLC4-2. Many mammalian SLC4 transporters are Na + -dependent (39, 42, 43). DIC uptake in high-CO 2 -grown SLC4G cells was severely inhibited after complete depletion of Na + ions from F/2ASW in experiments where osmotic pressure was maintained constant with choline-chloride (Fig. 5A) . A linear increase in the N DIC of SLC4G cells was associated with increasing [Na + ] and became saturated at levels above 100 mM Na + (Fig. 5A ). Oxygen evolution in high-CO 2 -grown SLC4G cells was also Na + -dependent, with saturation over 100 mM (Fig. 5B) . N DIC by PtSLC4-2 was stimulated by Na + , and neither K + nor Li + provided functional substitution (Fig. 5C ). The same ion selectivity was displayed for photosynthetic parameters. Photosynthetic affinity, K 0.5 [HCO 3 − ], of high-CO 2 -grown WT cells was unaffected by [Na + ], whereas a marked decrease in K 0.5 [HCO 3 − ] was evident in both low-CO 2 -grown WT and high-CO 2 -grown SLC4G cells in the presence of 100 mM NaCl or 50 mM Na 2 SO 4 ( Fig. 5D ). This Na + -dependent stimulation of affinity did not occur in the presence of an equivalent concentration of K + or Li + , and the maximum photosynthetic activity, P max , was fairly stable at around 140 μmol mg −1 Chl h −1 in all experiments (Fig. 5D ). These data indicate that Na + is required for the DIC acquisition system and PtSLC4-2 activity.
Discussion
In this study, we have clearly shown the occurrence of SLC4-type protein and their significant contribution to the CCM in a marine diatom, a secondary endosymbiotic chromalveolata. The mammalian SLC4 family has been subcategorized into several functional groups with potential as transporters for HCO 3 − and/ or CO 3 2− , which are Na
− cotransporters, and Na
/HCO 3 − exchangers (39, 42-44). Theoretical considerations on DIC fluxes in this study quantified the contribution of PtSLC4-2 (DIC SLC4-2 ) to total uptake, which reached to above 50% of G DIC in high-CO 2 -grown SLC4G cells (Fig. 3B and SI Results) . These theoretical arrangements were based on an assumption that this transporter is specific for HCO 3 − , and evidence in the present study is likely in favor of this assumption. It is highly probable that the PtSLC4-2 specifically pumps HCO 3 − from seawater in an Na + -dependent manner and is capable of contributing to total DIC uptake under the CO 2 -limiting environment. The mode of HCO 3 − transport by PtSLC4-2 most likely involves Na + -HCO 3 − cotransport or Na
/HCO 3 − exchange, both which would require Na + ions above 100 mM and thus, is fully active in normal seawater, although the mechanism for transport so far remains to be elucidated.
PtSLC4-2 is unlikely a transporter of high affinity for HCO 3 − , because the overexpression in high-CO 2 -grown cells resulted in a moderate improvement of photosynthetic affinity for HCO 3 − but did not sufficiently mimic the high-affinity state in low-CO 2 -grown cells (Table 1 and Fig. S3A ). A significant difference in the K 0.5 [HCO 3 − ] values between low-CO 2 -grown cells (both WT and SLC4G) and high-CO 2 -grown SLC4G cells under the saturating DIDS concentrations is also indicative of the operation of the additional transport system (Fig. 4A) . These results strongly suggest participation of other high-affinity transporters under low-CO 2 environment, for which two low-CO 2 -inducible transporters, SLC4-1 and -4, are so far the likeliest candidates. Relating to this consideration, it is important to note that numerous constitutive-type SLC . E c , CO 2 efflux rate; G DIC , gross DIC uptake rate; G SLC4-2 , gross HCO 3 − uptake rate by PtSLC4-2; N DIC , net DIC uptake rate; net fixation, net CO 2 fixation rate determined by the O 2 evolution assay; n.d., not determined. Unit of all flux parameters is micromoles milligrams family proteins are likely to occur in diatoms (Fig. 1) . In fact, the DIC flux model and a DIC accumulation assay performed in the present study displayed a considerably high G DIC and an internal DIC accumulation even in high-CO 2 -grown WT cells (Fig. 3, Fig.  S5A , and SI Results), suggesting the operation of both constitutiveand inducible-type DIC transport systems in marine diatoms.
Cyanobacterial BicA (SLC26-type protein) and SbtA occur in freshwater and marine species. BicA and SbtA are found to require about 1.7 and 1.0 mM Na + , respectively, for half-maximal stimulation of their HCO 3 − transport activity (7, 8) . However, a mammalian SLC4-type HCO 3 − transporter, a muscle-specific Na
cotransporter, expressed in human skeletal muscle requires 24 mM Na + for half-maximal stimulation (42). This Na + dependency is quite similar to PtSLC4-2 (28 mM Na + ) (Fig. 5B ), indicating that they possess considerable halophilic dependency compared with their cyanobacterial counterparts. This halophilic dependency is probably a unique phenomenon to the SLC4 family. Such differences in the Na + dependency of HCO 3 − uptake might significantly impinge on the survivability of certain strains and species of algae under environmental fluctuations in oceans.
It is noteworthy that PtSLC4-2 is a plasma membrane-type transporter that enables direct uptake of HCO 3 − from the bulk seawater, providing a solid molecular example that a direct HCO 3 − transport at the plasmalemma seems to be the major route for CO 2 acquisition in marine diatoms and supporting the past physiological evidences (2, (19) (20) (21) (22) 41) . A significantly fast DIC efflux immediately after turning off the light (Fig. 3A) strongly suggests an occurrence of the carbon cycling system across the plasma membrane, which would potentially work as an efficient system for the light energy dissipation (25). It is also interesting that diatoms do not contain genes homologous to the other algal transporters, cyanobacterial bicarbonate transporter 1, SbtA, and Chlamydomonas LCI1, presumably because of the evolutionary history of the CCM, which might have independently evolved after the primary endosymbiosis (12) . The possibility, thus, remains that aquatic photoautotrophs may have recruited a wide variety of HCO 3 − transporters from different ancestral symbiotic hosts, generating a diverse system for HCO 3 − acquisition. Diatoms may use transporters derived from the common ancestor with mammals, which is further supported by a fact that a DIDS is commonly effective on these transporters. These proteins function diversely as key players for the pH homeostasis in our body and the carbon balance in the ocean.
The molecular mechanisms of DIC acquisition in chromalveolates have been almost totally unknown, and the impact of CCMs on global primary productivity is not a part of the current prediction model for the ocean ecosystem (45). Molecular details of DIC uptake, subsequent flux controls of substrate carbon for photosynthesis, and their genetic regulation in marine diatoms in response to environmental factors are potentially vital to the model.
Materials and Methods
Cells and Culture Conditions. The marine diatom P. tricornutum Bolin (UTEX 642) was obtained from the University of Texas Culture Collection and cultured in artificial seawater, which was supplemented with half-strength Guillard's f solution (F/2ASW) under continuous illumination (50-75 μmol m −2 s −1 ) at 20°C under constant aeration with 5% CO 2 or ambient air (0.039% CO 2 ).
Semiquantitative RT-PCR and qRT-PCR. Total RNA was isolated from high-and low-CO 2 -grown WT cells using the RNeasy Plant Mini Kit (Qiagen). After the single-strand cDNAs were synthesized, semiquantitative RT-PCR and qRT-PCR were carried out by a set of primers shown in Table S1 .
Construct of a Transformation Vector Containing the ptSLC4-2::egfp Fusion.
Inverse PCR was carried out on pFcpApGFP vector (46) as a template with high-fidelity PrimeSTAR HS DNA polymerase (TaKaRa) and a primer pair: egfp Fw: 5′-ATGGTGAGCAAGGGCGAGGAGCTGTTC-3′; fcpAp Rv: 5′-TCGA-AACGGCAGACAAATTTGTG-3′. A ptSLC4-2 fragment was amplified from single-strand cDNA synthesized by the SMART RACE cDNA Amplification Kit, phosphorylated, and ligated at the upstream region of egfp in the inverse PCR product described above. Chl hour −1 . Open bars, no salt control with 365 mM chorine chloride; red, 100 mM NaCl; yellow, 50 mM Na 2 SO 4 ; green, 100 mM KCl; blue, 100 mM LiCl.
Values are mean ± SD (n = 3-5).
Transformation of WT Cells and Screening of Transformants. Transformation was carried out as previously described (47), and transformants were screened on agar plates containing 100 μg mL −1 Zeocin. GFP positive clones were further screened from the Zeocin-resistant clones.
Confocal Laser Microscopy. Cells at midlogarithmic growth phase were harvested and resuspended in a small volume of F/2ASW. The nucleus in the SLC4G cells was stained by 5 μM Hoechst 33342 at room temperature for 30 min. The stained cells were washed three times with F/2ASW. Specimens were observed using a Nikon A-1 confocal microscope.
Determination of Photosynthetic Parameters. After high-and low-CO 2 -grown cells at the midlogarithmic growth phase were harvested by centrifugation, cells were washed with DIC-free F/2ASW. Cells were then suspended in the same buffer at a Chl a concentration of 10 μg mL −1 (determined as described in SI Materials and Methods). The rate of photosynthetic O 2 evolution at various concentrations of DIC was measured with a Clark-type oxygen electrode (Hanzatech).
[DIC] at CO 2 compensation point was measured by GC. K 0.5 and P max values were determined by the least-squares method.
Determination of the DIC Flux Parameters. Cells were washed and resuspended as described above, except that final Chl a concentration was set at 40 μg mL −1 . N DIC and E c values were determined by a filtration-centrifugation technique using an Eppendorf tube equipped with a filter cartridge. Cell culture maintained at the CO 2 compensation point was mixed in the filtrater cartridge with NaHCO 3 at a final concentration of 100 μM. 
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SI Results
Theoretical considerations on dissolved inorganic carbon fluxes across the plasma membrane of WT and SLC4G cells were performed.Dissolved inorganic carbon (DIC) fluxes and CO 2 fixation in WT and solute carrier 4G (SLC4G) cells grown under high-CO 2 condition can be depicted as shown in Fig. S4 according to the model previously defined by Badger et al. (1) . The model scheme and equations below stand for the relation of DIC fluxes across the plasma membrane of diatom cells:
and
where k 2 and k 1 are rate constants for HCO 3 − dehydration and CO 2 hydration, respectively, in second
, E c and t 1 are the rate of efflux and influx of CO 2 , respectively, in micromolar second . According to Eqs. S1 and S2, net rates of CO 2 and HCO 3 − uptakes (N c and N b , respectively) can be expressed as
Assuming that high-CO 2 -grown cells of SLC4G have a strengthened HCO 3 − uptake capacity and subsequently, higher rates of net fixation and CO 2 efflux (E c ), N b and N c above can be described separately as follows:
where the extension mu indicates enhanced flux rates because of the expression of exogenously introduced PtSLC4-2:GFP fusion in high-CO 2 -grown SLC4G cells. A gross HCO 3 − uptake rate boosted by the expression of PtSLC4-2:GFP fusion can be calculated by subtracting Eq. S4 from Eq. S6:
Net fixation rate can be measured from O 2 evolution rate, and E c can be measured from DIC efflux assay with an assumption that the value of E b is small enough to be negligible that is supported by previous studies (2) . Our data in Fig. S3 . More simply, using the above assumption that E b is little, the net DIC uptake (N DIC ) can be calculated as follows:
The data in Fig. 3 indicates that net uptake of DIC in high-CO 2 -grown WT cells is little, whereas CO 2 efflux rate E c immediately after removing the external DIC was 0.769 μM s −1 in the same cells. Thus, gross DIC uptake rate (G DIC ) of high-CO 2 -grown WT cells, t 1 + t 2, was calculated to be 0.769 μM s ; thus, the gross DIC uptake, t 1 + t 2mu , was calculated to be 1.86 μM s , respectively, the gross DIC uptake of low-CO 2 -acclimated cells was calculated to be 3.26 μM s . These data indicate that 54% and 28% of G DIC , respectively, in high-CO 2 -grown SLC4G cells and low-CO 2 -grown WT cells efflux as CO 2 . The value 28% agreed well with the previous estimation using membrane inlet MS in low-CO 2 -grown marine diatoms (2) .
In this assay, however, because we were not able to measure [CO 2 ] in the medium, we could not solve Eqs. S1, S3, and S5. Thus, individuals t 1 and t 2 could not been derived. Although significant efflux constants need to be in consideration for the interpretation of the data, N DIC assay in this study stands on the valid comparison of HCO 3 − uptake capacity between WT and SLC4G cells. These parameters are summarized as values relative to unit amount of Chl a in Fig. 3B .
SI Materials and Methods
Isolation of Total RNA and Sequencing of ptSLC4-2 cDNA. The sequence information of the 5′ portion of the ptSLC4-2 cDNA was obtained from Phaeodactylum tricornutum genomic database v2.0 (unmapped) (http://genome.jgi-psf.org/Phatr2_bd/Phatr2_bd.home. html). Full-length cDNA of ptSLC4-2 was obtained with the SMART RACE cDNA Amplification Kit (Clontech); 500-mL cultures of low-CO 2 -grown cells at midlogarithmic phase (OD 730 = 0.3-0.4) were harvested by centrifugation at 1,700 × g at 20°C for 10 min. Harvested cells were frozen with liquid nitrogen. Total RNA was isolated from frozen cells using the RNeasy Plant Midi Kit (QIAGEN), and mRNA was purified from total RNA by the Oligotex-dT30 <Super> (TaKaRa) mRNA Purification Kit. cDNA was synthesized by Smart Scribe Reverse transcriptase and oligonucleotide primer (5′-GGCCACGCGTCGACTAGTACTTTTTTTT-TTTTTTT-3′) according to the SMART RACE cDNA Amplification Kit. A set of PCR primers was designed according to the genome database; ptSLC4-2 (5′-ATGTTCAGCAGCAAAATAA-TGGTT-3′) and universal primer (5′-GGCCACGCGTCGACTA-GTAC-3′), which was a part of the Kit, were used. cDNA fragment was ligated to a plasmid vector pT7blue and sequenced.
Semiquantitative and Quantitative RT-PCR. Thirty-milliliter cultures of cells grown in high and low CO 2 were harvested at midlogarithmic phase (OD 730 = 0.3-0.4) by centrifugation at 1,700 × g at 20°C for 10 min. Harvested cells were frozen with liquid nitrogen. Total RNA was isolated from frozen cells using the RNeasy Plant Mini Kit (QIAGEN). To synthesize the single-strand cDNA, 1 μg total RNA was reverse-transcripted by oligo (dT) 20 and ReverTra Ace (TOYOBO). Semiquantitative RT-PCR was carried out with Go Taq Green Master Mix (Promega) by a set of primers shown in Table S1 . The levels of transcript of tested genes were normalized by the transcript level of the internal control, the cytosolic glyceraldehyde-3-phosphate dehydrogenase gene (gapC2; GenBank accession no. AF063805), which is known to express constitutively regardless of CO 2 condition. The gapC2 cDNA was amplified using the gapC2 primer pair (Table S1 ) under PCR conditions as follows: heating at 94°C for 2 min followed by 27-31 cycles of denaturing at 94°C for 30 s, annealing at 58-60°C for 30 s, and elongation at 72°C for 30 s; 5 μL PCR mixture were applied to 2% (wt/vol) tris-borate-EDTA (TBE) agarose gel, and product was visualized by 0.5 μg mL −1 ethidium bromide on a transilluminator. Quantitative RT-PCR was standardized with known amounts of template using plasmids containing the ptSLC4 cDNAs. The level of each ptSLC4 transcript was normalized by the level of the gapC2 transcript. Amplifications of the gapC2 cDNA and four ptSLC4 transcripts were done with primer sets shown in Table S1 . The entire process of quantitative RT-PCR was carried out with a Smart Cycler Thermal Cycler System (Cepheid) and SYBR Premix Ex Taq (TaKaRa) under PCR conditions as follows. For ptSLC4-1 and ptSLC4-2, heating at 95°C for 10 s followed by 45 and 50 cycles of denaturing at 95°C for 10 s, annealing at 60°C for 20 s, and elongation at 72°C for 10 s, respectively. For ptSLC4-4, heating at 95°C for 10 s followed by 45 cycles of denaturing at 95°C for 10 s, annealing at 61°C for 20 s, and elongation at 72°C for 20 s. For ptSLC4-6, heating at 95°C for 10 s followed by 45 cycles of denaturing at 95°C for 10 s, annealing at 60°C for 20 s, and elongation at 72°C for 15 s. For gapC2, heating at 95°C for 10 s followed by 45 cycles of denaturing at 95°C for 5 s, annealing at 67°C for 20 s, and elongation at 72°C for 10 s. 7 cells were spotted as a plaque of 2.5-cm diameter on the surface of the F/2ASW agar plate. Five hundred micrograms tungsten microcarriers (1.1-μm particle size) were coated with ∼1.0 μg plasmid DNA containing 1.0 M CaCl 2 and 16 mM spermidine. PDS-1000/He biolistic particle delivery system (Bio-Rad) was used for microprojectile bombardments of microcarriers. The bombardment was done at 10.7 MPa to the cells in the chamber under the negative pressure of 91.4 kPa with a target distance of 6 cm. Bombarded cells were cultured for 1 d in the dark and suspended in 5 mL F/2ASW. After the centrifugation at 1,700 × g at 20°C for 5 min, cells were resuspended in 0.3 mL F/2ASW and plated onto F/2ASW agar plate containing 100 μg mL −1 Zeocin.
Confocal Laser Microscopy. Cells at midlogarithmic growth phase were harvested and resuspended in a small volume of F/2ASW. The nuclei in WT and SLC4G were stained by 1 and 5 μM Hoechst 33342 at 20°C and room temperature for 120 and 30 min, respectively. The stained cells were washed three times with F/2ASW. Specimens were observed using Nikon A-1 confocal microscope. Fluorescence signals of Hoechst 33342, GFP, and Chl autofluorescence (excitation was carried out at 402.600, 488.800, and 639.100 nm, respectively) were detected using bandpass 425-475, 500-550 and 570-620, and 662.5-735.5 nm, respectively. All of the microscope settings, objective, pinhole, image sampling, and excitation and emission wavelengths were set identically to the conditions for the real images.
Determination of Photosynthetic Parameters. High-and low-CO 2 -grown cells at midlogarithmic growth phase were harvested by centrifugation at 1,700 × g and 20°C for 3 min. Harvested cells were washed three to five times with DIC-free F/2ASW buffered by 10 mM Tris·HCl (pH 8.2). For some experiments, Na + /DIC-free F/2ASW with 365 mM choline chloride was used. Cells were then suspended in the same buffer at a Chl a concentration of 10 μg mL −1 . The rate of photosynthetic O 2 evolution was measured with a Clarktype oxygen electrode (Hanzatech); 1.5 mL cell suspension were placed in the O 2 -electrode chamber and illuminated with a fiber illuminator at photosynthetic-photon-flux density (PPFD) of 84 μmol m −2 s −1 until cells reached to CO 2 compensation point.
[DIC] at CO 2 compensation point was determined by a gas chromatography (GC) method (3). For some experiments, 4,4′-diisothiocyanostilbene-2,2′-disulfonic acid (DIDS), Na 2 SO 4 , LiCl, or KCl was added 10 min before measurement. PPFD was then increased to 320 μmol m −2 s −1
, and a known amount of DIC was added as a form of NaHCO 3 or KHCO 3 to the desired final concentrations to cell culture. O 2 evolution rate at each DIC concentration was plotted against HCO 3 − concentration based on a ratio of HCO 3 − over total DIC at pH 8.2 [appropriate 94% according to Zeebe and Wolf-Gladrow (4)]. Chl a concentration was determined spectrophotometrically as described by Jeffrey and Humphrey (5) . Based on the plot, K 0.5 and P max values were determined by the least-squares method (http://ktsc.cafe.coocan.jp/sub4.html). In some experiments, O 2 evolution time course was simply measured by the addition of 100 μM DIC.
Determination of the DIC Flux Parameters. Cell suspension was prepared as described in the determination of photosynthetic parameters, except that final Chl a concentration was set at 40 μg mL ; a 200-μL cell culture aliquot was transferred to a spin column (a filter cartridge of pore diameter of 0.45 μm was placed in a 1.5-mL Eppendorf tube) under N 2 , and DIC uptake was initiated by the addition of NaHCO 3 or KHCO 3 to the final concentration of 100 μM. After 0, 15, 30, 60, 120, or 240 s of photosynthesis reaction, the bulk medium was quickly separated from cells by centrifugation for 15 s. [DIC] in the filtrated-down medium was measured gas chromatographically (3). In some experiments, DIDS, N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl) acetamide (AZA), LiCl, Na 2 SO 4 , or KCl was added to cell culture 10 min before transferring to the spin column. DIC depletion rate from the bulk medium was calculated as N DIC . E c value was determined in the same way as a CO 2 evolution rate in the dark based on an assumption that HCO 3 − efflux is negligible relative to the efflux of CO 2 . E c of high-CO 2 -grown WT cells was determined in the dark immediately after removal of external medium by filtration of cells by centrifugation followed by a quick resuspension of cells with DIC-free F/2ASW on a spin column cartridge. Together with Chl a content and net CO 2 fixation rate, G DIC and G SLC4-2 values were calculated from N DIC and E c values as described in SI Results. GC Measurement of DIC. As previously described by Brimingham and Colman (3) , GC used in this study is equipped by an external gas strip-in column, in which carrier nitrogen gas flows through the 25% (vol/vol) phosphoric acid. Liquid sample was injected directly to this 25% (vol/vol) phosphoric acid in the gas strip-in column, and only acid-labile carbon is evaporated as CO 2 and carried into the GC system. CO 2 is separated in the system, mixed with hydrogen gas, reduced into methane in Ni-catalyzed methanizer, and accurately quantified by frame ionization detector.
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SKPSDRERSPTFLERHTSC 1035   TM1   TM2  TM3   TM4  TM5   TM6  TM7   TM8   TM9  TM10   TM11  TM12 , and the reaction was terminated by centrifugation for 15 s followed by an immediate freezing in liquid nitrogen. Termination solution was thawed and quickly mixed by 10-μL Hamilton syringe and applied to GC (SI Materials and Methods). In this process, acid-labile carbon did not evaporate because of the silicon oil layer that tightly closed the surface of termination solution. 
